Summary.
Comparatively little is known about hostdefense activities in the fish heart. Investigations showed that intraperitoneally injected carbon particles are actively taken up by the cardiac endothelial cells of the medaka Oryzias latipes, but less so by those of the goldfish Carassius auratus and lemon tetra Hyphessobrycon pulchripinnis.
(In vitro experiments confirmed these species differences in endocytic activities by these cells.) Electron microscopy revealed that endothelial cells of the medaka atrium have large cytoplasm with many organelles, and ingested carbon particles were observed within phagosomes of cardiac endothelial cells even at 4C. Phagocytic cells, which apparently reside in the heart, were found in all the species examined. These cells were located on the endothelial cells and developed cytoplasmic processes extending toward the heart lumen and/or the intercellular spaces of the endothelial cells. The heart with its resident phagocytes is proposed to function as a host defense organ-at least in certain fish species.
The heart functions both as the main organ of the circulatory system and as an important endocrine organ because of its secretion of atrial natriuretic polypeptide. These two defferent functions of the heart have been studied intensively from ectothermic vertebrates to mammals. Moreover, in invertebrates such as molluscs and ectotherms such as fish, host defense activities of the heart have been recognized for many years, although the data concerning this aspect of the heart are still f ragmental.
In molluscs, amebocytes, which correspond to macrophages of vertebrates, may be produced in the wall of the saccular portion of the kidney that borders the pericardium (LIE et al., 1975) .
In fish, the uptake of intraperitoneally injected carbon particles by the endcardium has been observed in the cunner (MACKMULL and MICHELS, 1932) , goldfish (MORI, 1980) , plaice (FERGUSON, 1975; ELLIS et al., 1976) , swordtail and coalfish (LEKNES, 1987) .
In this report we demonstrate that two cellular elements in teleost heart, i.e., endothelial and residentphagocytic, are capable of the endocytotic elimination of foreign bodies.
MATERIALS AND METHODS

Fish
Adult medaka Oryzias latipes, goldfish Carassius auratus, and lemon tetra Hyphessobrycon pulchripinnis of both sexes were used. They were kept in plastic vessels (17X28X18cm) containing aged tap water at a temperature of about 23°C and fed Tetra-Min (Tetra Werke, Germany) daily.
In vivo assay of endocytosis A 1% dilution (using 0.75% NaCI) of India ink (Pelikan AG, Germany) was injected intraperitoneally using a disposable insulin syringe with a 28 gauge needle. We injected 0.04ml/g body weight.
Only in the medaka was a 10% dilution (using 0.75% NaCI) of yellow-green fluorescent latex microspheres (Fluospheres, Molecular Probes, Inc., USA), about 2 um in diameter, or a 10% suspension of formalinized sheep red blood cells (SRBCs, Cappel, USA) injected in the same manner as the India ink.
Test for endocytosis in vitro
Hearts were dissected out from 3 fish of each species previously anesthetized with MS 222 (Sankyo Co., Ltd, Japan). They were cut open with a razor and rinsed with DM-170 tissue culture medium (Kyokuto Pharmaceutical Industrial Co., Ltd, Japan) and then incubated in a 1% dilution of India ink in the same medium for 2h at 25C. During incubation, the heart contracted continuously. Carbon uptake was observed light microscopically in JB-4 plastic sections as mentioned below. 415 
Light microscopy
One or 2 days after injection, 5 fish of each species were fixed in toto with 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2). The heart, spleen, kidney and liver were dissected out and dehydrated in graded concentrations of ethanol and embedded in JB-4 plastic resin (Polysciences, Inc. USA). Sections were stained with hematoxylin and eosin or with toluidine blue.
For the medaka alone, whole body cross sections were also made from paraffin embedded specimens at several intervals after carbon injection at 4C, 10C, and 23C. The liver, spleen, kidney and thymus were histologically observed and the location of carbon uptake compared with that of the heart and its associated tissues.
The location of intraperitoneally injected fluorescent latex microspheres was examined with an Olympus BHS microscope equipped with epifluorescence optics.
Electron microscopy
Hearts were fixed with 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1M phosphate buffer (pH 7.2) for 12 h at 4C, postfixed with 1% osmium tetroxide in the same buffer for 2h at 0C, dehydrated and embedded in Quetol 651 epoxy resin (Kusx1DA 1974). Sections were cut on a Porter-Blum MT-2 ultramicrotome, stained with uranyl acetate and lead citrate and examined with a JEOL 100B electron microscope operated at 80 kV.
RESULT
Histology of endocardial endothelium
The heart is located in the ventral part of the fish body just posterior to the gills. It is composed of a thin-walled atrium and thick-walled ventricle. Cardiac muscles develop many trabeculae, giving the tissues a spongy appearance, especially in the ventricle.
The endocardial endothelium of the goldfish and lemon tetra was very thin, consisting of a simple layer of squamous cells (Fig. la, b ). When observing a single cell, we found it to be rather thick in the nuclear region and attenuated toward the periphery. Cytoplasmic organelles were poorly developed although electron lucent vacuoles and dense bodies were usu- ally observed. Desmosome-like junctions were always recognized between neighboring endothelial cells. We never observed any evidence of phagocytosis by cardiac endothelial cells in uninjected fish. Cardiac endothelial cells of the medaka differed markedly from those of the goldfish and lemon tetra. Especially in the atrium, endothelial cells had a large amount of cytoplasm with a single round or somewhat irregular nucleus, prominent phagosomes, welldeveloped Golgi complex and numerous tubular plasmalemmal vesicles (Fig. lc) . Similar organelles were observed within the ventricular endothelial cells; however, their cytoplasm was smaller and thinner than those of the atrium.
A basement membrane was not developed beneath the cardiac endothelial cells in any of the species examined, although collagenous fibers of varying amounts were always observed in the subendotheial spaces ( Fig. la-c ).
In vivo uptake of carbon particles After intraperitoneal injection of carbon particles, the kidney and spleen became blackened because of their extensive uptake of carbon particles. The heart of the medaka also became blackened while that of the goldfish and lemon tetra remained reddish in color. No carbon uptake was observed in the liver or thymus (Table 1) .
The degree of the endocytosis by endocardial cells differed among the species (Fig. la c) . In the medaka, considerable amounts of carbon particles were endocytosed by cardiac endothelial cells even 15 min after injection. Almost all the endothelial cells were blackened with carbon particles which were incorporated within the cytoplasmic vacuoles or phagolysosomes. Carbon uptake was more inconspicuous in the endothelial cells of the bulbul arteriosus. In the goldfish and lomon tetra heart, the uptake of carbon particles by endothelial cells was inconspicuous or absent. Cells which took up carbon particles were rarely observed in the cells 1-2 days after injection. Most of the cells were seemingly free of carbon, although in the lemon tetra, a minute uptake was revealed by electron microscopy (Fig. 2) .
The effects of temperature on carbon uptake by the cardiac endothelial cells and cells of other immune organs were studied in the medaka (Table 1) . The kidney and spleen appeared to function as primary phagocytic organs in this species, and cardiac endothelial cells as well as phagocytes in the heart also showed an active uptake of carbon particles even at low temperatures of 4C and 10C (Fig. 3) .
In vivo uptake of latex microspheres and SRBC by medaka endocardium Fluorescence microscopy demonstrated that latex microspheres, about 2um in diameter, were present within cardiac endothelial cells 2 days after they were introduced intraperitoneally. However, the number of the cells that phagocytosed latex microspheres was low. Latex microspheres were also present in phagocytes of the heart (Fig. 4a, b ). SRBCs were also taken up by phagocytes resting on the cardiac endothelial cells, while the latter cells were not involved in the phagocytosis of SRBCs (Figs. 5, 6 ). In vitro uptake of carbon particles Endocytotic activities of fish endocardium were studied histologically after 2 h incubation of isolated hearts in tissue culture media containing 1% India ink. Carbon particles were actively taken up by cardiac endothelial cells of the medaka, whereas essentially no particles were endocytosed by those of the lemon tetra or goldfish; carbon-laden phagocytes were apparent in the heart of the medaka and goldfish ( Fig. 7a-c) .
Resident phagocytes
Light and electron microscopic examination revealed randomly distributed cells with irregular contours resting on the cardiac endothelial cells of all the species examined (Figs. 8, 9, . The cells, often extending cytoplasmic processes toward the lumen and/or intercellular spaces of endothelial cells, appeared to be resting and not circulating in the blood stream. These cells possessed an oval or somewhat irregularly shaped nucleus, phagosomes and vacuoles varying in diameter and shape, prominent Goigi complex, many pinocytotic vesicles, free ribosomes and mitochondria. Phagocytosed erythrocytes were frequently found in their cytoplasm (Fig. 9) . Carbon particles were incorporated within the phagosomes of these cells after intraperitoneal injection. Most of these cells developed microvillus-like processes at the contact site with underlying endothelial cells which also developed cytoplasmic processes toward them. (Figs. 9, 10) . From these observations, we identified these cells as cardiac resident phagocytes. Some of the cells developed long cytoplasmic processes of varying number and shape extending toward the lumen.
Species differences were recognized in the morphology of the cardiac resident phagocytes. In the goldfish, large vacuoles were prominent, at times occuping a large part of their cytoplasm (Fig. 10c) , while in the medaka, most vacuoles were small and phagosomes were rather prominent. In the goldfish, tubular bodies were occasionally found in the cytoplasm (Fig. 10d) , although typical worm-like bodies characteristic of mammalian Kupffer cells were not identified. In all three species we found no special cellular junctions between the phagocytes and endothelial cells.
DISCUSSION
Endothelial cells of blood vessels generally line not only their inner surfaces but also have many other functions; their morphology varies greatly in blood capillaries. Endothelial cells of large blood vessels are usually flat in their major cytoplasmic areas except the nuclear region, in accordance with the morphology of the cardiac endothelium in the rat (MELAX and LEESON, 1967) . Recently, the cardiac endothelial cells have been proposed to modulate the functions of subjacent myocardium by releasing inotropic substances (BRUTSAERT, 1989; SMITH et al., 1991; TAKANASHI and ENDOH, 1991; BRUTSAERT and ANDRIES, 1992) , and this effect was correlated with the characteristic shape and cytoskeleton organization of the cells in question (ANDRIES and BRUTSAERT, 1993) .
The endothelial cells of the medaka atrium in this study were large and rich with organelles, while those of the goldfish and lemon tetra contained some densebodies and electron-lucent vacuoles. These features of medaka cardiac endothelial cells, in which a release of inotropic substances is unknown yet, markedly differed from the corresponding cells in mammals, as these contain only scanty organelles. LEMANSKI et al. (1975) previously noticed that the medaka endocardium comprised a thick, continuous cell layer with well-developed cytoplasmic organelles, and suggested a high metabolic activity for it. The present study demonstrated the active uptake of carbon particles by medaka cardiac endothelial cells. In plaice Pleuronectes platessa, similar observations of carbon uptake have been reported in the endothelial cells of its heart (FERGUSON, 1975; ELLIS et al., 1976) . In contrast, no carbon uptake was recognized in the heart of the carp Cyprinus carpio and the rosy barb Barbus conchonius (LAMERS and PARMENTIER, 1985) , similar to our observations in the goldfish and lemon tetra.
In ectothermal animals, the ambient temperature is one of the essential factors that affect their immunological activities.
In the carp Cyprinus carpio, AVTALION et al. (1973) detected no antibody titers by passive hemagglutination, as long as the fish were kept at low temperature.
However, they found that the phagocytosis occurs at low temperature.
In the present study, medaka cardiac endothelial cells and cardiac resident phagocytes were revealed to endocytose carbon particles even at 4C although the rate of the endocytosis was markedly decreased. In mammals, NAITO et al. (1991) noticed that the receptormediated endocytosis of acetylated low-density lipoprotein by bovine macrophages occurs efficiently at 37T but not at 4C in vitro. Cells of mammals that are homeothermal may be animated at around their optimum temperature of 37C, while cells of eurythermal fish may function over a wide range of temperatures. The difference of endocytotic activity between bovine and fish macrophages at low temperature may relate to such differing natures of the cells. The medaka can survive even at 0C, although their basal metabolic rate is known to be markedly decreased. This may explain the slow uptake of carbon particles at 4C. Further studies are needed to detect and characterize scavenger receptors in fish macrophages.
The present study utilizing the fluorescent microscope, showed minute phagocytotic activity of the cardiac endothelial cells for latex microspheres (2 um in diameter), while it failed to demonstrate their phagocytosis of SRBCs. Difference in sizes and/or surface materials between latex microspheres and SRBCs might be causally related to this different attitude of the cells. FERGUSON (1975) described the (FERGUSON, 1975) . In mammals, when large foreign bodies such as erythrocytes are administered, only macrophages are involved in phagocytosis, while the endothelial and reticular cells show no such activity (FUJITA, 1978) . TEM and SEM observations are needed to demonstrate the presence or absence of phagocytotic activity of fish cardiac endothelial cells.
The passage of particulate matter from the peritoneal cavity into the lymph vessels of the diaphragm has been observed histologically in the rat (SIMER, 1934) and Japanese monkey (OYA et al., 1993) ; in fish, however, no studies exist on the lymphatic vessels which drain peritoneal fluids and/or cells. The question of how injected carbon particles reach the endocardium therefore remains to be answered.
In vitro experiments of carbon uptake by cardiac endothelial cells could be carrid out under controlled conditions of the outer milieu of the cells, but it is difficult to establish suitable incubation conditions for these cells. Results of current in vitro experiments using the hearts of the medaka, goldfish and lemon tetra were essentially in accordance with those of in vivo experiments although the time for carbon uptake was shorter in the in vitro experiments (2h) than that of in vivo experiments (1-2 days). Improvement of incubation conditions is needed to maintain organs for a longer time in the culture media so that the comparison of the in vitro and in vivo findings can be more precisely done.
Phagocytosic cells residing in the subendocardial space were observed in other fish species (OVERSTREET and THULIN, 1989; NAKAMURA et al., 1993) and the bullfrog (KISCH, 1962) . However, the presence of resident phagocytes that are in contact with the blood stream in the fish heart has been demonstrated here for the first time. Free macrophages and melano-macrophage centers that are characteristic of fish immune organs occurred in the ventricle of Plectropomus leopardus in response to infection by the blood fluke Pearsonellum conventum (OVERSTREET and THULIN, 1989) and in the heart of the normal medaka . ELLIs et al. (1976) regarded the phagocytic endocardial cells of plaice as phagocytic reticular cells, observing that the cells became spherical, freed from the endocardial lining after carbon phagocytosis and became macrophages which finally lodged in melano-macrophage centers in the kidney and spleen. We have not observed such a transformation of the cardiac endothelial cells into macrophage-like cells. The cardiac resident phagocytes were clearly different from cardiac endothelial cells because they had none of the intercellular junctions which characterize the endothelial cells, and which comprised a simple cell layer on the myocardium. Moreover, the cardiac resident phagocytes were morphologically different from the cardiac endothelial cells and also from fish monocytes in the blood stream (WEINREB, 1963; NAKAMURA and SHIMOZAWA, 1984) . The cardiac resident phagocytes often had long cytoplasmic processes that were well developed toward the heart lumen and were highly endocytic for injected carbon particles, latex microspheres and SRBCs. Effete erythrocytes were sometimes observed in their cytoplasm, giving them the appearance of Kupffer cells of fish (SAKANO and FUJITA, 1982; TOMONAGA et al., 1986; HAMPTON et al., 1987) and mammals (WISSE et al., 1974; WISSE, 1977) .
The clearance of particulate substances from the blood may be an important function of the cardiac resident phagocytes in fish, similar to macrophages in the spleen and kidney (FERGUSON, 1989; ZAPATA and COOPER, 1990) . Phagocytosis and degradation of aged and impaired blood cells are characteristic feature of macrophages in the spleen, liver and bone marrow of mammals. In addition, pulmonary intravascular macrophages are prominent sites of blood-cell degradation in the lungs of several mammals and humans (WARNER and BRAIN, 1986; WINKLER, 1988; ATWAL et al., 1992) . Fish, however, usually have no hepatic Kupffer cells nor bone marrow and lungs. Resident phagocytes in spongy tissues of the fish heart may efficiently serve to clear the blood because the fish heart pumps blood directly into the systemic circulation without pulmonary circulation. Further studies are needed to clarify whether such cardiac resident phagocytes exist not only in fish but also in higher vertebrates whose hearts possess a pulmonary, circulatory machanism.
At present, nothing is known about the origin of cardiac resident phagocytes in fish. Recently, ISLAM et al. (1992) observed histologically that the endothelial cells of human bone marrow buldged out (sprouted out from their attachment to the basement membrane) and then budded off into the lumen of the blood vessel. Similar mechanisms of blood cell differentiation have also been observed in mammals (SMITH and GLOMSKI, 1982) and postembryonic stages of angelfish Pterophyllum scalare (AL-ADHAMI and KUNZ, 1976 
